The detailed definition of karyotype changes associated with hyperdiploid acute lymphoblastic leukemia (ALL) is a precondition for their exploitation in minimal residual disease studies with fluorescence in situ hybridization analysis (FISH (FISH) showed that all stem lines had been correctly defined by CGH. In eight cases, however, cytogenetic analyses revealed structural abnormalities that were undetectable by CGH. The other discrepancies were mainly due to a cytogenetic misinterpretation of similar sized and shaped chromosomes. Based on these findings we present a new diagnostic strategy for childhood ALL that includes flow cytometry and classical cytogenetics as well as CGH for the analysis of aneuploid cases and FISH to resolve the unavoidable discrepancies.
Introduction
Childhood acute lymphoblastic leukemia (ALL) is a heterogeneous group of diseases characterized by distinct patterns of chromosomal abnormalities. [1] [2] [3] [4] [5] [6] [7] The unequivocal determination of the karyotype composition could be of great importance and might eventually be used for the stratification of clinical therapy. [2] [3] [4] 6 Hyperdiploidy with more than 50 chromosomes or a DNA content Ͼ1.16 is one of the strongest predictors for an extremely low risk of failing chemotherapy, regardless of the white blood cell count (WBC). 6, 8 Such cases are likely to fare well on antimetabolite-based therapy and, therefore, may be spared the toxic effects of more intensive treatment with genotoxic agents. 4, 6, 8 It has been suggested that the prospective outcome of hyperdiploid cases may further be related to the particular karyotype composition. Both trisomy 6 and the combined presence of trisomy 4 and 10 seem to indicate an extremely favorable prognosis. 9, 10 Several laboratory procedures have been found useful for the analysis of leukemia-associated chromosomal changes. Unfortunately, no technique has been able to reveal a complete picture of all genetic alterations. Flow cytometry, although simple and fast, only delineates gross quantitative deviations of the DNA content. 8, [11] [12] [13] [14] Classical cytogenetic analysis is commonly hampered by a poor in vitro growth of the leukemic samples, by a morphologically insufficient quality of abnormal metaphases as well as by a high fraction of normal metaphases. In addition, it is not clear whether the abnormalities detected in a few analyzable metaphases are representative for the whole leukemic clone. Fluorescence in situ hybridization (FISH) techniques allow the analysis of both metaphase spreads and interphase nuclei but have been restricted to the evaluation of selected chromosomes or chromosomal subregions. [15] [16] [17] [18] [19] [20] Comparative genomic hybridization (CGH) allows the detection of chromosomal gains and losses in tissues which are not accessible to conventional cytogenetic analysis. [21] [22] [23] Genomic DNA from the tissue of interest and normal reference DNA are differentially labeled and simultaneously hybridized to normal human metaphase chromosomes. 21, 22 The copy number changes are elicited by the ratios of tumor and normal fluorescence intensities along the target metaphase chromosomes. The major disadvantages of CGH are the facts that only copy number changes of 5 to 10 megabases can be detected, and that balanced structural rearrangements are not detectable at all. 22 These drawbacks, however, should play a minimal role in the analysis of hyperdiploid ALLs, since hyperdiploid ALLs predominantly gain complete chromosomes. Moreover, the vast majority of their structural changes are unbalanced, such as a duplication of 1q, iso− and marker chromosomes and should therefore be detectable by CGH. For this reason we considered CGH an excellent supplement for the diagnostic work-up of childhood ALL. In contrast to a previous study of CGH in childhood ALL, 23 however, we restricted ourselves to aneuploid cases that were selected according to their hyperdiploid DNA content in flow cytometry. We compared thoroughly the respective results with those obtained by cytogenetic analysis, and examined the discrepancies with FISH.
Materials and methods

Patients
We studied 14 cases of childhood hyperdiploid ALL from which liquid nitrogen-stored isolated mononuclear bone marrow (BM) cells were available. The relevant clinical and hematological characteristics of the patients are summarized in Table 1 . All patients suffered from B cell precursor ALL. Their blast cells were CD10-, CD19-and HLA-DR-positive. Two cases (patients 13 and 14) were also positive for cytoplasmic IgM.
Cytogenetic analysis
Unstimulated isolated BM cells were cultured for 24 h. Chromosomes were prepared according to standard procedures. Slides were G-and /or R-and C-banded with trypsin Giemsa and chromomycin A3, distamycin and DAPI, respectively. 24 Karyotyping was performed on a Genevision 121 chromosome analysis system. Although the International System for Human Cytogenetic Nomenclature (ISCN) requires the description of hypotriploid karyotype changes in relation to triploidy as the 'normal range', 25 all descriptions of karyotypes and CGH results presented are, for the sake of clarity, based on a normal diploid pattern.
Flow cytometry
Either freshly isolated, ethanol-fixed or cultured, methanol/acetic acid-fixed cells were prepared as described previously.
14 Fixed cells were resuspended in a solution containing 3% citric acid and 0.5% Tween 20, and incubated for 20 min at room temperature (RT). Alternatively, 0.5 ml of the methanol/acetic acid-fixed cell suspension was resuspended in 0.5 ml pepsin/HCl solution (0.5% pepsin in 0.03 M HCl, pH 1.5-1.7) and incubated for 10 min at RT. Nuclei were passed through a 30 m nylon mesh and centrifuged at 1200 r.p.m. for 8 min. The cell pellet was resuspended in 70% ethanol. After 2 h at −20°C the material was centrifuged again and the pellet resuspended in 0.3 ml 0.5% Tween 20 for 10 min. Cells were stained with 2 ml of a solution that contains 4 g Na 2 HPO 4 × 2H 2 O, 1 g citric acid and 0.2 mg 4,6-diamino-2-phenylindole-2 hydrochloride (DAPI) per 100 ml distilled H 2 O for 1 h. The samples were then analyzed with a PAS III flow cytometer (Partec, Mü nster, Germany) using the filter combination KG1, BG 38 and UG1 (excitation filter), TK 420 (dichroic mirror) and CG 435 (barrier filter). As a control, fresh samples from Ficoll-separated peripheral blood (PB) lymphocytes of healthy donors were analyzed (0.7-1.00% coefficiency of variation). At least 10 000 nuclei were analyzed per experiment. For the generation of histograms the 'Multicycle' cell cycle analysis program (Phoenix Flow System, San Diego, CA, USA) was used. A sample with one single G0/1 peak located at the diploid level was assigned a DNA content of 1.0. The presence of additional peaks indicated DNA aneuploidy. A DNA index Ͼ1.0 was considered as a hyperdiploid DNA content.
Comparative genomic hybridization DNA from healthy donors was labeled with digoxigenin-11-dUTP (Boehringer Mannheim, Mannheim, Germany) and DNAs from the patients' bone marrow samples were labeled with biotin-16-dUTP (Boehringer Mannheim) by nick translation. 500 ng of labeled normal and patient DNA were hybridized together with 20 g of human cot-I DNA and 10 g salmon sperm DNA to normal metaphase spreads that were pretreated as published previously. 26 Digoxigenin-11-dUTP-labeled probes were detected with mouse-derived anti-digoxigenin antibody and tetramethyl-rhodamineisothiocyanate (TRITC)-conjugated rabbit-anti-mouse monoclonal antibodies (Sigma, Vienna, Austria). Biotin-16-dUTP was detected with fluorescein-iso-thiocyanate (FITC)-conjugated avidin D (Vector, Burlingame, CA, USA). Slides were counterstained with DAPI and embedded in H-1000 mounting medium (Vectashield; Vector).
Image acquisition, processing and evaluation was performed as described previously using an epifluorescence microscope (Zeiss, Jena, Germany) equipped with a cooled CCD camera (Photometrics, Tuscon, AZ, USA). 27 Fluorescence ratio profiles of individual chromosomes were calculated using dedicated software. 27 For each case, the mean ratio profiles of 10-15 metaphase spreads were analyzed. The threshold used for the identification of imbalances was defined as the 95% confidence interval. 27 Conventional FISH Numerical abnormalities were analyzed in interphase nuclei by hybridizing repetitive probes specific for the centromeric 476 regions of chromosomes 6, 8, 10, 17, 18 and X. 19 For the numerical evaluation of chromosome 21 a cosmid containing D21S65 (Oncor, Gaithersburg, MD, USA) and a YAC clone spanning the BCR region on chromosome 22 were applied. 28 
Results
Classical banding analysis
Fourteen cases with childhood ALL were analyzed with classical G-and R-banding techniques (Table 2 ). According to the classification criteria of the ISCN, 25 nine cases (patient Nos 1, 2 and 4-10) were in the hyperdiploid range with 52-58 chromosomes, four cases (patient Nos [11] [12] [13] [14] were in the hypotriploid range with 63-66 chromosomes and one case was pseudodiploid with a hyperdiploid DNA index (patient No. 3). As expected, most of the chromosomal changes involved were gains of complete chromosomes. Structural Table 2 Summary +X,+4,+6,+9,+10,+14,+17,+18, 46,XY,der(7) [3] +21,+21 56,XY,+X,+4,+6,der(7),+9,+10,+14,+17,+18,+21,+21 [5] 9 54,XY,+X,+4,+8,+9,+9,+14,+21,+22 [10] +X,+4,+8,+9,+9,+14,+17,+19, 4 × 21 (84%) +21,(+21),+22 10 55-58,XY,+X,+4,+4,+5,+6,+8,+10,+14,+17,+18,+21,+21 +X,+4,+4,+5,+6,+8,+10,+14,+17,
+18,+20,+21,+21 11 63,XY,+X,+Y,dup(1)(q11q44),+4,+5,+6,der(7),+8,+11, +X,+1q,+4,+5,+6,+6p,+8,+8,+10, add(11)(q23),+12,+14,+14,+17,+18,+18,+21,+22, +11,-11qdist,+12,+14,+14,+17, +del (22) 
+17,+18,+18,+19,+21,+21,+22,+22 12 46,XX [7] +X,+2,+4,+4,+5,+6,+8,+10,+11, 13Ͼ14 63,XX,+X,+2,+del(3)(q13)?,+4,+der(4)t(4;18)(?p15;?q11),+5, +12,+14,+16,+17,+18,+19,+21, +6,+8,+10,+11,+12,+13,+16,+17,−18,+21,+21,+22[cp13] b +21,+22 13 47,XY,+21 [1] +X,(+1),+del(2)(pdist),+3,+4,+5, +del(10)Ͼ+10 4 × 17 65-66,XY,+X,+add(Y)(qter),+add(Y)(qter),+del(2)(p16?),+3, +6,+7,+8,+8,+10,+10,+11,+12,+14, 13Ͻ14 +4,+5,+6,+7,+8,+add(9)(p22?),+10,+del(10)(q24),+11, +14,+17,+17,(+19),+21,+21,+22, +add(11)(pter),+12,+13,+14,+i(17)(q10),+21,+21,+22, +22 +r,+mar [cp24] 14 65,XX,+1,t(1;19)(q23;p13),+t(1;19)(q23;p13),+2,+5,+6,+7,+8, +1,+1,+2,+5,+6,(+6),+7,+8,+9,+10, 2 × 6 (16%) +9,+10,+14,+15,+16,+18,+19,+21,+22,+22,+2 mar [2] +14,+15,+16,(+16),+18,+19,+19,+21,
Discrepancies between the cytogenetic and CGH data are printed in bold and are underlined. Some of the discrepancies could be solved by re-checking the karyotypes (column 'Revisions'). The results of the conventional FISH experiments are shown in the column to the very right ('FISH').
a Chromosome number in brackets indicate that this particular chromosome was considered to be present only in a fraction of the cells (for explanation see text). b Chromosome count of 13 metaphase, complete karyotype from one metaphase only.
abnormalities were observed in only four cases of the hyperdiploid group (patient Nos 3, 4, 5 and 8). Interestingly, in three of these instances chromosome 7 was affected. Significantly more structural changes were present in all four patients of the hypotriploid group. Normal metaphases were only found in one (out of four) of the hypotriploid cases, but were detected in seven (out of 10) hyperdiploid cases.
Flow cytometry
We determined the percentage of hyperdiploid cells in the analyzed samples by measuring the DNA index by flow cytometry (Table 1) . Each sample analyzed showed one single abnormal peak that corresponded to 54-93% of the analyzed cell population (Table 1) . Residual diploid cells could be detected in all samples and served as an internal standard. The single abnormal peak indicated that all abnormal cells of a patient harbored the same distinct quantitative chromosomal abnormalities, likely involving the same clone. DNA contents of the abnormal clones ranged from 1.09 to 1.42 (median 1.19). In 13 out of 14 cases, the DNA index of the abnormal clone obtained by flow cytometry corresponded tightly to the DNA index that was calculated from classical banding analysis based on the suggestions by Boschman et al 29 (Table 3 ). The percentage of abnormal cells detected by flow cytometry concurred with the fraction of blast cells found in BM in most of the cases from which fresh cells were analyzed. This finding indicates that all leukemic cells were aneuploid. However, compared to the percentage of BM blast cells, flow cytometry resulted in a significantly smaller fraction of abnormal cells when the cells were cultured for 24 h. This observation provides evidence that the hyperdiploid cell populations undergo apoptotosis within a very short period in vitro.
Comparative genomic hybridization (CGH)
In concordance with the flow cytometric and cytogenetic data, CGH detected quantitative chromosome abnormalities in all samples ( Table 2 ). Figure 1 shows a representative example of the mean values of ratio profiles obtained from 10 metaphase spreads of patient 4. The gain of a long arm and the loss of a short arm of chromosome 7 is consistent with the presence of an i(7q) chromosome detected by classical banding analysis. In most of the cases whole chromosomes were lost or gained. CGH also revealed unbalanced structural rearrangements in three cases (Table 2 ). Figure 2 summarizes all gains and losses observed in the 14 cases analyzed. In accordance with the cytogenetic literature, we found a nonrandom acquisition of chromosomes 4, 6, 10, 14, 17, 18 and X. 6, 7 Compared to trisomic chromosomes the shifts of the ratio profiles of chromosome 21 were much stronger in those 12 cases in which FISH analysis confirmed the presence of tetrasomy 21. This observation is in line with the linear correlation detected in cell lines with various numbers of X chromosomes and confirms that to a certain extent it is possible to estimate copy number changes with CGH. 21 Of interest, a high proportion of cases also showed trisomies of chromosomes 5, 8, 9, 19 and 22 which suggests that trisomies of these chromosomes may be more commonly involved than previously anticipated by classical banding analyses.
In some instances (patient Nos 2, 9, 13 and 14) the base line profile of particular chromosomes was significantly shifted but did not reach the upper threshold level determined to classify 'trisomy'. These 'low shift levels' resulted most likely from the presence of a trisomy in only a fraction of the cell population.
In the majority of samples the differences between DNA indices measured by flow cytometry and DNA indices calculated from the CGH data according to Boschman et al 29 (Table  3) were marginal (0-3% in 11 out of 14 cases). These results suggest that in most cases the same abnormal clone was detected by flow cytometry and CGH.
Comparison of cytogenetic and CGH data
Despite an overall good agreement between the karyotypes obtained by cytogenetic banding techniques and CGH, we observed at least one karyotype discrepancy per case. Some of these discrepancies reflected obvious cytogenetic errors mainly caused by a wrong assignment of similar-sized chromosomes, in particular chromosomes of the B-(chromosomes 4 and 5), C-(chromosomes X, 6, 7, 8, 9 and 10), D-(chromosomes 13, 14 and 15) and G-group (chromosomes 21 and 22). Thus, in eight instances, the data obtained by CGH immediately allowed a modification of the cytogenetic karyotypes (Table 2 ). In seven cases CGH indicated the gain of chromosomes that had not been observed by banding analysis. Subsequent FISH analyses showed that in all instances the CGH results were correct (Table 2 ). Patient 14 was of particular interest. CGH analysis suggested the presence of two subpopulations, since both chromosomes 6 and 16 did not reach the threshold value that indicated 'pure' trisomy. DNA index calculations of the two different CGH patterns resulted in DNA indices of 1.39 and 1.44, respectively. The lower index DNA value showed an excellent correlation with the DNA index obtained by karyotyping, whereas the flow cytometrically measured DNA index showed a better concordance with the higher indexed CGH clone. FISH with a chromosome 6-specific probe revealed interphase cells with two, three or four copies of chromosome 6, respectively ( Table 2) .
Discussion
The accurate determination of the specific karyotype abnormalities associated with hyperdiploid ALL is important, because their detailed definition is a precondition for FISHbased minimal residual disease studies. 5, 30 In addition, particular karyotype patterns may have specific prognostic implications. [2] [3] [4] 6 Our evaluation of the CGH technique in hyperdiploid ALL confirms that CGH is a valuable adjunct for the unequivocal assessment of such quantitative changes. The samples analyzed in our study contained between 75 and 98% (mean 92%) hyperdiploid blast cells. Moreover, the single narrow peaks obtained by flow cytometry indicated that the abnormal cell populations were rather homogeneous with regard to their chromosomal composition. These features guaranteed a reliable detection of copy number changes in hyperdiploid ALLs by CGH which is superior to that of flow cytometry and classical cytogenetics. On the other hand, our findings also show that even a single or few hyperdiploid metaphases can be representative of the clonal changes in hyperdiploid ALL. In cytogenetics, the cutoff level for hyperdiploidy has been set at 50 chromosomes, 1,2,4,9,10 whereas in flow cytometry a cutoff level of 1.16 has proven to be the best discriminator between favorable and unfavorable groups. 8 The quality of the flow cytometric measurements depends significantly on the way the cells are prepared and stained as well as on the instrumental outfit for measurement. Estimation of the DNA index with a sensitivity of ±5%, which conforms to a difference of ± two to four whole chromosomes, is currently considered as being sufficiently accurate. 8, 10, 13 Our comparison shows that, if only the DNA index is used for delineating hyperdiploid cases, a significant proportion of those recognized cytogenetically will be missed. Depending on the sizes of gained chromosomes, even hyperdiploid cases with 52-53 chromosomes can have DNA contents far below 1.16 (Table 1) .
At present, FISH analysis with centromere-specific probes is the method of choice for screening numerical chromosome abnormalities in interphase cells. 15, 17, 19, 20, 31 It is a rapid, simple to use and easy to interpret technique. However, a reliable detection of only the most common numerical deviations in such hyperdiploid cases with conventional FISH requires at least four to six probes in several hybridization steps. 5 Thus, compared to conventional FISH screening, CGH clearly provides a representative overview of quantitative deviations which, in addition, is obtainable in only one single hybridization experiment. Considering these facts, CGH is also a costefficient technique. On the other hand, CGH also requires cytogenetic expertise and can only be performed with a specific image analysis system and the respective software which, however, is already contained in most chromosome analyses systems.
We propose the following strategy for the detection and exact definition of chromosomal abnormalities associated with childhood ALL. For the detection of aneuploid cases we use flow cytometry and cytogenetic banding analysis which, despite all its disadvantages, still remains the only method that can provide a complete picture of both numerical and structural karyotype abnormalities. Aneuploid cases that are detected by either of the two methods are then further studied with CGH. In this diagnostic scenario, multicolor FISH analy- sis can be restricted to the clarification of discrepant results, to decipher unusual and/or complex structural chromosomal abnormalities and to monitor small cell populations. Table 3 Relative DNA content of individual chromosomes used for the calculations of the DNA content of the abnormal karyotypes and the CGH results (adapted from Boschman et al, 29 
